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Abstract
Mutations in the genes encoding endothelin receptor-B (Ednrb) and its ligand endothelin-3 (Edn3) affect the development of two neural
crest-derived cell types, melanocytes and enteric neurons. EDNRB signaling is exclusively required between E10.5 and E12.5 during the
migratory phase of melanoblast and enteric neuroblast development. To determine the fate of Ednrb-expressing cells during this critical
period, we generated a strain of mice with the bacterial -galactosidase (lacZ) gene inserted downstream of the endogenous Ednrb promoter.
The expression of the lacZ gene was detected in melanoblasts and precursors of the enteric neuron system (ENS), as well as other neural
crest cells and nonneural crest-derived lineages. By comparing EdnrblacZ/ and EdnrblacZ/EdnrblacZ embryos, we determined that the Ednrb
pathway is not required for the initial specification and dispersal of melanoblasts and ENS precursors from the neural crest progenitors.
Rather, the EDNRB-mediated signaling is required for the terminal migration of melanoblasts and ENS precursors, and this pathway is not
required for the survival of the migratory cells.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
How cells initiate, maintain, and stop their migration
remains a fascinating problem in many developmental sys-
tems. The neural crest cells (NCCs) during vertebrate em-
bryogenesis arise from the dorsal aspect of the neural tube
between the neural plate and surface ectoderm and then
disperse throughout the embryo (Le Douarin and Kalcheim,
1999). These cells follow distinct migratory pathways to
their final destination and differentiate into numerous lin-
eages, including peripheral nervous system, structural and
connective tissue components of the craniofacial region,
cardiac cells, and pigment-producing melanocytes.
Melanoblasts, the precursors of melanocytes, emerge rel-
atively late in neural crest development. The trunkal mela-
noblasts migrate above the somites, just below the surface
ectoderm, and enter the epidermis upon completing their
migration. There, they proliferate, and eventually become
incorporated into developing hair follicles, where they sub-
sequently differentiate into pigment-producing melano-
cytes. The availability of mouse coat color mutants has been
instrumental in identifying many intrinsic and extrinsic fac-
tors that are involved in the development and differentiation
of melanocytes (Barsh, 1996; Jackson, 1997; Silvers, 1979).
One of the classic coat color loci, piebald (s), encodes the
Endothelin receptor-B gene (Ednrb). EDNRB is a G-pro-
tein-coupled seven-transmembrane receptor that interacts
with a family of ligands known as endothelins (Hosoda et
al., 1994). EDNRB mutant mice are amelanocytic, with the
exception of occasional pigmented areas in the head and
rump. These mice subsequently die as juveniles from a
condition known as megacolon, due to the absence of neural
crest-derived enteric neurons in the distal gut. Similar phe-
notypes are observed in lethal spotting (ls) mice that harbor
mutations in endothelin-3 (Edn3), the in vivo ligand for
EDNRB (Baynash et al., 1994). Mutations in Edn3 and
Ednrb genes have also been identified in other mammals
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(Ceccherini et al., 1995; Metallinos et al., 1998; Yang et al.,
1998), as well as in human Waardenburg syndrome type IV
(WS4) patients who exhibit both pigmentation and mega-
colon phenotypes (Puffenberger et al., 1994; Robertson et
al., 1997).
By using the tetracycline-inducible system to regulate
the expression of Ednrb during mouse embryogenesis, we
showed that EDNRB signaling is transiently required be-
tween E10.5 and E12. This timing corresponds to when
melanoblasts are dispersing from a position lateral to the
neural tube. Furthermore, this study showed that EDNRB
was also required between E11 and E12.5 during the mi-
gration of the enteric neuron precursor cells that populate
the gut (Shin et al., 1999). These results were consistent
with in vitro studies, suggesting that the role of EDN3/
EDNRB was to maintain, either by proliferation and/or
survival, sufficient pool of precursors to reach their final
destination (Hearn et al., 1998; Lahav et al., 1996; Reid et
al., 1996; Wu et al., 1999). However, the in vivo role of
EDN3/EDNRB pathway during the critical migratory stage
remains unclear.
In this study, we modified the murine Ednrb locus by
inserting the bacterial -galactosidase (lacZ) gene down-
stream of the endogenous Ednrb promoter by homologous
recombination. This provided us with the first opportunity
to visualize the fate of Ednrb-expressing cells in both wild
type and mutant mice. We directly show that the initial
specification of the neural crest progenitors into melano-
blasts and enteric neuroblasts is not affected in the mutant
animals. Furthermore, these cells are able to enter and
migrate along their corresponding pathways. Upon entering
their respective migratory pathways, the migrating melano-
blasts and enteric neuron precursors encounter a very spe-
cific region in the developing embryo that is EDNRB-
dependent. In the absence of the EDN3/EDNRB signal,
these cells are unable to reach their destination and this
defect does not result in enhanced programmed cell death.
Materials and methods
Generating EdnrblacZ mice
The lacZ cassette containing the -globin intron and
poly(A) site was isolated from pUHG16-3 (gift from H.
Bujard) by PCR with the following primers: Forward
primer: (5-AAAACTGCAGGTCACCATGTCGTT-3);
Reverse primer: (5-GGTACCGCCACCTTTGTTCTG-
GCAGC-3).
The targeting vector (Fig. 1A) contained Pgk-neo flanked
by two loxP sites, a 3.3-kb genomic upstream fragment that
contains 200 bp of the 5UTR but not the Ednrb ATG
initiation codon, and a 6-kb BglII–EcoRV 3 flanking frag-
ment downstream of exon 1. The targeting construct was
transfected into E14.1 ES cells, and positive clones were
selected with 200 g/ml of active G418. The positive ES
clones were injected into C57BL/6J blastocysts, and germ-
line mice were generated as described (Joyner, 2000). The
Pgk-neo cassette was deleted from EdnrblacZneo/ mice by
mating to the EIIa-Cre line (Lakso et al., 1996) to produce
EdnrblacZ mice.
Genotyping
The following primers were used for genotyping:
Ednrb5: (5-CCAGACTGAAAACAGCAGAGCGGC-
3); Ednrb2: (5-GGTCTCCCAGAGCCAGACTGGC-
GATC-3); Lac4: (5-CTGTTGGGAAGGGCGATCG-
GTGC-3). The Ednrb5 and Ednrb2 primers produce a
495-bp wild-type Ednrb exon 1 fragment, whereas the
Ednrb5 and Lac4 primers produce a 282-bp lacZ frag-
ment. The PCRs were performed under the following
conditions: 94°C for 30 s, 57°C for 45 s, and 72°C for
60 s for 35 cycles on a PE9600 thermocycler.
X-gal staining of embryos
The time of gestation was calculated by detection of the
vaginal plugs. The stage of the embryos was confirmed
Fig. 1. Targeting of Ednrb allele. (A) Structure of the Ednrb, EdnrblacZneo,
and EdnrblacZ alleles. A bold line within the EdnrblacZneo allele shows the
targeting vector, from a 5 KpnI site to a 3EcoRV site. The closed triangles
are loxP sites. Bg, BglII; K, Kpnl; RV, EcoRV. Red boxes indicate the
positions of the DNA probes. The colored restriction sites indicate the
diagnostic fragments used to distinguish the mutated alleles from the
normal allele. The crossed out Bg indicates the restriction site that was lost
during the construction of the targeting vector. (B) Two EdnrblacZ/
EdnrblacZ mutant offspring (3 weeks old) with pigmentation defect ob-
tained from an EdnrblacZ/ intercross. Genomic DNA from the litter
digested with EcoRV and hybridized to probe A. wt, wildtype; mut,
EdnrblacZ/EdnrblacZ.
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according to The Atlas of Mouse Development (Kaufman,
1992). The embryos were dissected from the yolk sacs,
which were retained for genotyping, and were fixed in 4%
paraformaldehyde at 4°C for 30–120 min, depending on
their developmental stage. The embryos were washed in
PBS with 2 mM MgCl2, 0.01% deoxycholic acid, and
0.02% NP-40, and then stained overnight at room temper-
ature in PBS with 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 2
mM MgCl2, 0.01% deoxycholic acid, 0.02% NP-40, and 1
mg/ml of X-gal or bluogal (Invitrogen). The staining was
stopped with PBS washes, and the embryos were stored in
70% ethanol at 4°C. For enteric neuron analysis, the guts
were isolated from fixed embryos and stained for lacZ
activity.
The embryos stained for lacZ expression were embedded
in paraffin and sectioned. The sections were mounted on
permount and visualized on dark field, where lacZ-positive
cells appear as bright signal. For cryosections, the embryos
were equilibrated in 30% sucrose overnight at 4°C. The
embryos were then embedded in OCT solution and stored at
80°C before sectioning with a cryostat.
Whole-mount in situ hybridization and TUNEL assay
The embryos were fixed overnight in 4% paraformalde-
hyde in PBS at 4°C and processed as described previously
(Wilkinson and Nieto, 1993). The embryos were hybridized
to the DIG-labeled Dct RNA probe (Steel et al., 1992) and
visualized with anti-DIG antibody fused to Alkaline Phos-
phatase (Roche).
The embryos were fixed in 4% paraformaldehyde at 4°C
overnight, and the whole-mount TUNEL assays were per-
formed as described previously (Wehrle-Haller et al., 2001).
Whole-mount images were obtained with a Nikon
DXM1200 Digital camera mounted on SMZ1000 stereomi-
croscope.
Results
Expression of LacZ in melanoblasts of EdnrblacZ mice
The lacZ gene was inserted by homologous recombina-
tion into the Ednrb locus replacing the protein-coding re-
gion of exon 1 and 250 bp of the first intron (Fig. 1A). This
deletes the region of the gene encoding the extracellular
domain and the first two transmembrane spanning domains
(amino acids 1–161) of the EDNRB protein, and generates
a null allele (Shin et al., 1999). A mouse line with the
targeted allele was established by blastocyst injection, and
the heterozygous offspring of the chimeras were mated to
EIIA-cre transgenic mice (Lakso et al., 1996) to remove the
Pgk-neo cassette. EdnrblacZ heterozygote intercrosses re-
sulted in 25% of offspring that were almost completely
white, except for pigmented areas in the head and rump
(Fig. 1B), and later died as juveniles from megacolon. The
presence of the piebald-lethal phenotype confirmed that the
EdnrblacZ allele is a null.
Melanoblasts can be distinguished from other neural
crest cells by their presence in the dorsolateral migratory
pathway and the expression of the early melanoblast
marker, dopachrome tautomerase (Dct) (Steel et al., 1992).
The first lacZ expression that could be attributed to mela-
noblasts was detected in scattered cells on the surface of the
head at E10.5 (data not shown). By E12.5, the number of
stained cells had increased throughout the embryo (arrows
in Fig. 2A and B). These cells are in the dorsolateral path-
way, migrating just underneath the surface ectoderm (Fig.
2C). The LacZ expression pattern for melanoblasts was
comparable to the expression of Dct in the heterozygotes
(arrows in Fig. 2G and H). No Ednrb expression was ob-
served in the retinal pigment epithelium (RPE: Fig. 2A and
D), which are unaffected in Ednrb mutant mice. Thus,
Ednrb expression appears to be restricted to melanoblasts of
neural crest origin.
We then compared the lacZ expression in EdnrblacZ
heterozygotes with that in homozygous mutant embryos. As
expected (Pavan and Tilghman, 1994), migrating melano-
blasts were almost completely missing in E12.5 EdnrblacZ/
EdnrblacZ embryos, except for small clusters of cells in the
cranial and sacral region (Fig. 2D–F). These surviving
melanoblasts in the mutant animals are presumably those
that will give rise to the small-pigmented areas in the
EdnrblacZ/EdnrblacZ mice (Fig. 1B; Silvers, 1979).
EDNRB is not required for initial differentiation and
dispersal of melanoblasts
To determine when mutant cells are affected during
their migratory stage, we compared the EdnrblacZ/ to
the EdnrblacZ/EdnrblacZ embryos prior to E12.5. At
E11.5, we could observe newly emerging melanoblasts
that disperse laterally away from the neural tube in Ed-
nrblacZ/ and EdnrblacZ/EdnrblacZ embryos (Fig. 3A and
B). This observation was further supported in a lateral
view, which allows us to visualize -gal-positive cells
that have begun to move away from the dorsal end of the
neural tube (Fig. 3C–E). A difference was apparent be-
tween EdnrblacZ/ and EdnrblacZ/EdnrblacZ embryos in a
lateral view. At E11.5, the migrating melanoblasts have
reached the base of the hindlimb in the heterozygotes, but
the mutant melanoblasts have not reached the base of the
hindlimb (arrows in Fig. 3C and D). Rather, the Ednrb
mutant melanoblasts appear to have stalled in their migra-
tory pathway at the dorsal end of the dermomyotome, and
this lateral position of the arrested cells appears to be con-
stant throughout the rostral–caudal axis of the lumbosacral
region (arrowheads in Fig. 3D and E).
To confirm the LacZ results, we performed whole-mount
RNA in situ on the EdnrblacZ/ and EdnrblacZ/EdnrblacZ
embryos with the melanoblast marker, Dct. The normal
migrating melanoblasts were observed in the heterozygous
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E11.5 embryos (Fig. 3F). When compared with the mutant
embryos, obvious differences were noticed. First, while
almost no melanoblasts were observed in the rostral portion
of the mutant embryos, Dct melanoblasts were observed
in the caudal portion (Fig. 3G and H). Second, the mutant
cells at the lumbosacral region were present from the neural
tube to the dorsal end of the dermomyotome and, like the
lacZ-positive cells, have not migrated as far as the heterozy-
gous cells (Fig. 3I vs 3J and 3K).
Based on these findings, embryos from E10 to E11 were
analyzed to determine whether Dct melanoblasts are ob-
served in earlier mutants. As expected, we observed that
Dct melanoblasts appear in rostral–caudal manner from
E10 to E11 in the wildtype and heterozygotes (Steel et al.,
1992; Wehrle-Haller and Weston, 1995; Mackenzie et al.,
1997). At E10, normal migrating melanoblasts were ob-
served in the head and just caudal to the otic vesicle (Fig.
4A and B). At E10.5, the cranial and vagal melanoblasts
have increased significantly and trunk melanoblasts are ob-
served in the cervical/thoracic region near the forelimb (Fig.
4G and H). By E11, migrating melanoblasts are observed
throughout the trunk and sacral region (Fig. 4M). In mutant
EdnrblacZ/EdnrblacZ embryos, we saw significant decrease
in Dct cells between E10 and E11. However, we could
clearly observe Dct cells throughout the rostral–caudal
axis of the developing mutant embryos (Fig. 4D–F, J–L, and
Fig. 2. LacZ expression in migrating melanoblasts. (A, B) LacZ-expressing melanoblasts in EdnrblacZ/ and (D, E) EdnrblacZ/EdnrblacZ E12.5 embryos.
Arrows indicate the lacZ cells in the heterozygous and mutant embroys. (C) Transverse section of the developing pinna in E12.5 EdnrblacZ/ and (F)
EdnrblacZ/EdnrblacZ embryos. Arrowheads indicate melanoblasts migrating on the mesenchyme just underneath the surface ectoderm in EdnrblacZ/ embryos.
(G, H) Dct whole-mount in situ of E12.5 EdnrblacZ/ embryos. Bar, 500 m for (A–H). hl, hindlimb; RPE, retinal pigmented epithelium.
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N). The presence of Dct-expressing melanoblasts in the
regions that are devoid of melanocytes in postnatal mutants
(Fig. 1B; Hosoda et al., 1994) indicates that EDNRB is not
required for the initial specification of NCCs into melano-
blasts and for their commitment into the dorsolateral path-
way. Interestingly, temporal loss of earlier migrating Dct
cells in the mutant embryos was observed. At E11, Dct
cells were not present between the otic vesicle and forelimb
Fig. 3. Melanoblast expression in E11.5. (A, B) Dorsal view over the hindlimbs of lacZ-expressing melanoblasts at E11.5 in EdnrblacZ/ and EdnrblacZ/
EdnrblacZ embryos. Arrowheads indicate the dispersing melanoblasts. The white arrow indicates the rostral (R)-to-caudal (C) orientation. (C–E) Lateral view
of LacZ-expressing melanoblasts in E11.5 EdnrblacZ/ and EdnrblacZ/EdnrblacZ embryos. Arrowheads indicate the foremost position of migrating melano-
blasts and arrows indicate the base of the hindlimb. (F–H) Expression of Dct detected by in situ hybridization in one EdnrblacZ/ and two EdnrblacZ/EdnrblacZ
E11.5 embryos. Arrowheads indicate the regions of Dct-expressing cells. (I–K) Enlarged views of boxed areas from (F–H). Black arrows indicate the base
of the hindlimb. Red arrows indicate individual Dct-expressing cells in the trunk of mutant embryos. Red boxes indicate similar areas overlying the dorsal
portion of the dermomyotome in lumbosacral regions. Bar, 100 m for (A–B) and 500 m for (F, G, I, and J). hl, hindlimb; fl, forelimb; dm, dermomyotome.
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Fig. 4. Dct RNA in situ of E10–E11 EdnrblacZ embryos. The staging was determined by time pregnancy and confirmed by somite count as described in
Kaufman (1992). (A–C) E10 EdnrblacZ/ embryo with 29 somites. (D–F) E10 EdnrblacZ/EdnrblacZ embryo with 27 somites. (G–I) E10.5 EdnrblacZ/ embryo
with 35 somites. (J–L) E10.5 EdnrblacZ/EdnrblacZ embryo with 35 somites. (M, N) E11 / embryo with 40 somites and EdnrblacZ/EdnrblacZ embryo with
42 somites, respectively. Arrowheads indicate the positions of Dct cells. Bar, 100 m. e, eye; ot, otic vesicle; hl, hindlimb; fl, forelimb.
in mutant embryos (compare areas indicated by red arrow-
heads in Fig. 4M vs N), whereas Dct cells could be
observed in the cervical region of the E10.5 EdnrblacZ/
EdnrblacZ embryos (Fig. 4J and K). Similarly, no Dct cells
are observed between the forelimb and mid-trunkal area of
EdnrblacZ/EdnrblacZ E11.5 embryos (Fig. 3G–H and J–K),
whereas Dct cells are observed in this region in E11
mutant embryos (Fig. 4N).
Absence of Ednrb does not result in increased
programmed cell death
We performed whole-mount TUNEL assay to determine
whether augmented apoptosis in the dorsolateral pathway
could explain the loss of migrating melanoblasts in the
mutant embryos. TUNEL-positive cells were observed in
the cranial region, branchial arches, limb and tail buds, and
along the ventrolateral body wall (Fig. 5A–D). The cells in
these areas have been previously demonstrated to undergo
significant level of apoptosis during corresponding embry-
onic stages in mammals and nonmammals (Hirata and Hall,
2000; Zakeri and Lockshin, 2002).
In the dorsolateral pathway, we observed two popula-
tions of apoptotic cells, First, transient cell death was ob-
served in temporal–spatial manner along the ventral portion
of the dermomyotome (arrows in Fig. 5E–H). These apop-
totic cells are present in the rostral portion of the E10.5
embryos and appear later along the caudal portion of the
E11.5 embryos. Based on previous studies (Wakamatsu et
al., 1998), the temporal and spatial appearance of these
apoptotic cells suggests that these could be nonmelanocytic,
neural crest-derived neurogenic precursors that are ectopi-
cally present in the dorsolateral pathway (Fig. 5K and L).
Second, we observed apoptotic cells in the migrating stage
area, where emerging melanoblasts reside at E10.5 (Wehrle-
Haller et al., 2001). At the corresponding axial levels that
contain Dct-positive cells, the level of apoptotic cells was
indistinguishable between the EdnrblacZ/ and EdnrblacZ/
EdnrblacZ embryos (Fig. 5I and J). Finally, we did not
observe significant differences along the areas correspond-
ing to where the mutant melanoblasts are lost to account for
the disparity of migrating cells between the EdnrblacZ/ and
EdnrblacZ/EdnrblacZ embryos (Figs. 3G–H and 5G–H).
Thus, these observations suggest that EDNRB-mediated
signaling is not required for the survival of the migrating
melanoblasts.
Expression of Ednrb in ENS precursors
The enteric nervous system (ENS) is composed of neu-
rons that arise from the neural crest and migrate into both
the foregut and hindgut. Both anterior trunk and vagal
neural crest cells contain bipotential symphathoenteric (SE)
progenitors that give rise to either enteric or sympathetic
neurons (Durbec et al., 1996). At E10.5, population of
-gal-expressing cells appears to have split off from the
sympathetic chain (see Fig. 7A). These lacZ-expressing
ENS precursors are observed entering the foregut (see Fig.
7C) in a rostral-to-caudal path and differentiate into a net-
work of neurons that comprise the enteric neuron system.
These cells reach the cecum (asterisks in Fig. 6) by E12 and
continue to migrate distally to populate the colon. By E14.5,
the whole gut contained Ednrb-expressing cells (Fig. 6D).
This pattern is consistent with previous studies of coloniza-
tion of the gut by enteric neurons (Kapur et al., 1992; Young
et al., 1998).
No differences in the migration pattern of rostral-to-
caudal migrating ENS precursors were detected between
EdnrblacZ/ and EdnrblacZ/EdnrblacZ embryos at E9.5 and
E10.5 (data not shown). At E11.5, however, the migration
of the Ednrb-expressing cells in the gastrointestinal tract of
the mutant embryos was delayed compared with heterozy-
gous embryos (Fig. 6A). By that time, the ENS precursors
in heterozygotes are just rostral to the developing cecum,
but in the mutant embryos, the lacZ-positive cells were well
rostral to the cecum. By E12, lacZ-expressing cells in the
heterozygotes had reached the cecum but the mutant cells
were still rostral to the cecum and approach the ileocecal
junction around E12.5 (Fig. 6B and C). At E14.5, scattered
lacZ-expressing cells in mutant embryos were observed in
the proximal colon but never in the distal colon or the
cecum (Fig. 6D). On occasion, we observed embryos with
aganglionic regions in the distal small intestine rostral to the
cecum (Fig. 6C).
Interestingly, we observed number of lacZ-positive cells
in the mesentery of the mutant embryos (arrows in Fig.
6B–D). The presence of mesenteric neuron precursors in
Ednrb-null mice was observed previously (Kapur et al.,
1995). However, unlike the previous report, the Ednrb-
mutant cells enter the mesentery rostral to the cecum (Fig.
6E and F). In some cases, these cells appear to traverse
across the mesentery to populate the proximal colon without
populating the cecum (Fig. 6E–H). The presence of lacZ
cells in the mesentery suggests that the mutant cells are
capable of migrating and that EDN3/EDNRB signal is re-
quired for their proper migration through the cecum to
populate the terminal gut of the developing intestine.
Finally, lacZ-expressing cells are observed in the most
distal portion of the hindgut as early as E10. These cells do
not appear to be affected in the mutant embryos (Fig. 6).
Sacral neural crest cells are known to contribute to the ENS
(Burns and Le Douarin, 1998; Pomeranz et al., 1991; Ser-
bedzija et al., 1991). However, the sacral population cannot
compensate for the loss of vagal-derived ENS precursors
(Burns et al., 2000). Future studies will confirm whether
these Ednrb-expressing cells in the hindgut originate from
the sacral neural crest cells in mice.
Expression of lacZ during embryogenesis
Expression of lacZ was first observed around E9.0-E9.5
EdnrblacZ heterozygotes in migrating neural crest cells
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throughout the rostrocaudal axis of the embryo (Fig. 7A).
The lacZ-expressing cells were detected through the cranial
mesenchyme and into the hindbrain through distinct rhom-
bomere entry sites (Fig. 7B). These included the trigeminal
(V), cranio-facial (VII), vestibulocochlear (VIII), glosso-
pharyngeal (IX), and vagus (X) cranial sensory ganglia. In
the trunk (Fig. 7A), labeled NCCs were observed in the
rostral half of the somites that will eventually give rise to
dorsal root ganglia (DRG), as well as in the sympathetic
ganglia chain (SC) and in enteric neuron precursors (ENS;
Fig. 7C). In later stage embryos, Ednrb continued to be
expressed in these lineages, as well as in peripheral nerves
including the intercostals and the nerves in the limbs (Fig.
7D and E). Stronger staining was observed in the EdnrblacZ/
Fig. 5. TUNEL analyses of EdnrblacZ/ and EdnrblacZ/EdnrblacZ embryos. (A–D) Whole-mount view of apoptotic cells in E10.75 and E11.5 developing
embryos. TUNEL–positive cells are observed in the cranial area, branchial arches, the limbs, tail buds, and the ventral body wall. Yellow boxes correspond
to the areas shown in (E–H). Black boxes indicate the areas shown in (I) and (J). (E–H) Lateral view of apoptotic cells. Arrows indicate the apoptotic neuronal
precursor in the dorsolateral pathway (Wakamatsu et al., 1998), and arrowheads indicate the normal apoptotic cells along the ventral body wall. (G, H) Yellow
lines indicate the approximate area where mutant cells arrest in Fig. 3. (I, J) Apoptotic melanoblasts in the migrating stage area as previously described
(Wehrle-Haller et al., 2001). (K, L) Transverse sections near the hindlimb corresponding to boxed areas from the insets. Arrows indicate the cluster of
apoptotic cells in the dorsolateral pathway. Bar, 500 m for (A–D) and 200 m for (E–J). hl, hindlimb; dm, dermomyotome; drg, dorsal root ganglia; NT,
neural tube.
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EdnrblacZ embryos because of the extra copy of the lacZ
gene.
Not all neural crest lineages expressed lacZ. No lacZ-
positive cells were observed in cephalic NCCs that migrate
through the branchial arches and contribute to the develop-
ment of craniofacial bones and cartilage. In addition, lacZ
was absent from a subset of cephalic NCCs that are known
as cardiac crest cells and are involved in the formation of
the outflow tract, including the aortic arch arteries and
conotruncal region of the developing heart. Although strong
-gal expression was observed in the heart at E10.5 (Fig.
7D), these cells do not appear to be derived from cardiac
crest. Rather, they are present in the walls of the developing
atria and ventricles of the heart (Fig. 8A). It is possible that
the cardiac crest initially express Ednrb and then shut off its
expression as they enter the developing arches.
Expression of lacZ was also observed in other non-crest-
derived cells in the forebrain, midbrain, neural tube, and eye
(Fig. 7D and E). In sections through E11.5 embryos, lacZ
expression was observed in the walls of the telencephalon,
Fig. 6. Migration of LacZ-expressing ENS precursors. (A–D) Developing guts were dissected from EdnrblacZ/ and EdnrblacZ/EdnrblacZ embryos at the times
indicated. The arrowheads point to the migrating front of lacZ-expressing cells. The red asterisks indicate the developing cecum. The blue arrows in (B–D)
show the mesentery. (E, F) Close-up of mesentery of E12 embryos. (G, H) Close-up of mesentery from E12.5 and E13.5 mutant embryos. The red line
indicated the boundary between the intestinal tract and mesentery of E12 embryos. Double arrows indicate the mesentery. The black arrows indicate the
lacZ-expressing cells in the mutant mesentery. hg, hindgut.
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diencephalon, and myelencephalon of the brain (Fig. 8D), as
well as the neural tube. In the rostral neural tube at E11.5,
lacZ expression was evident throughout the dorsal neural
tube and in a small area of the ventral neural tube (Fig. 8B).
In the caudal neural tube, strong expression is observed,
except for the most dorsal aspect, the ventral floorplate and
the region around the differentiating motor neurons (Fig.
8C). Outside the nervous system, lacZ was also detected in
the developing lungs and liver (data not shown).
Discussion
We had previously shown that there is a critical period in
development when Ednrb is required for melanoblast de-
velopment (Shin et al., 1999). This period was coincident
with the appearance of the early-migrating Dct melano-
blasts and their dispersal from the neural tube. To determine
when the migrating cells are affected during their migration,
we incorporated the lacZ reporter gene into the endogenous
Ednrb locus. By analyzing these mice, we have shown that
an EDNRB-independent and EDNRB-dependent stages ex-
ist for migrating melanoblasts and ENS precursors (Fig. 9).
In this study, we demonstrate that EDNRB-null melano-
blasts are capable of being specified and migrating away
from the neural tube throughout the rostral–caudal axis
during E10–E11.5 (Figs. 3 and 4). The presence of Dct
cells in the mutant embryos suggests that the initial speci-
fication of neural crest precursors into melanoblasts is ED-
NRB-independent (Fig. 9A). This is further supported by
previous studies demonstrating that Dct cells are observed
in the absence of the EDNRB ligand, EDN3 (Opdecamp et
al., 1998; Yoshida et al., 1996). Furthermore, the initial
expression of melanoblast-lineage transcription factor
MITF is unaffected in neural crest cells isolated from ED-
NRB-null embryos (L. Hou and H. Arnheiter; personal
communication).
After specification, the Dct mutant cells gradually lose
their melanoblast fate in a temporal, rostral–caudal manner
along the trunk (Figs. 3 and 4), where pigmentation is never
observed in mutant mice (Fig. 1B). This is highlighted by a
Fig. 7. LacZ expression in EdnrblacZ/ and EdnrblacZ/EdnrblacZ embryos.
(A, B) LacZ expression in E9.5 EdnrblacZ/ embryo. LacZ staining of
cranial ganglia (V, trigerminal; VII, craniofacial; VIII, vestibulocochlear;
IX, glossopharyngeal; and X, vagus), sympathetic ganglia chain (SC), and
ENS precursors (ENS). ot, otic vesicle; h, heart; drg, dorsal root ganglia.
(C) Transverse section corresponding showing that LacZ-expressing ENS
precursors, indicated by arrowheads, are populating the foregut mesen-
chyme at E9.5. NT, neural tube; da, dorsal aorta; fg, foregut. (D) E10.5
EdnrblacZ / (left) and EdnrblacZ/EdnrblacZ (right) embryos. Arrowheads
indicate the expression in the developing heart and arrows indicate the
expression in the neural tube. (E) E13.5 EdnrblacZ/ (left) and EdnrblacZ/
EdnrblacZ(right) embryos. The arrowheads indicate the expression in the
developing eye. No differences in expression were observed in lineages
other than melanoblasts and ENS precursors between the heterozygous and
mutant embryos.
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gradient of Dct cells, from a single Dct cell within a
somitic region at the mid-trunk level (red arrows in Fig. 3J
and K) to high levels of Dct cells at the lumbosacral
region (red boxes in Fig. 3I vs J and K), observed along the
caudal portion of E11.5 mutant embryos. Consistent with
this observation is the rescue of either earlier or later mi-
grating melanoblasts when Ednrb expression is temporally
turned on or off between E10.5 and E11.5 (Shin et al.,
1999). The loss of melanoblast fate does not result in in-
creased apoptosis (Fig. 5), suggesting that EDNRB is not
required for survival of these cells in the dorsolateral path-
way. Although it is possible that our assays were not sen-
sitive enough and/or the critical period for detecting
apoptotic melanoblasts was missed, the presence of
TUNEL-positive cells in the dorsolateral pathway through-
out the embryos suggests that these are unlikely. Future
studies will determine whether the mutant phenotype results
from proliferation (Lahav et al., 1996; Opdecamp et al.,
1998; Stone et al., 1997) and/or migration defects.
We have shown that murine Ednrb is expressed both
before and after melanoblasts leave the staging area. In
avians, Ednrb is initially expressed by the neural crest
precursors along the neural tube (Nataf et al., 1996). As
these cells commit to the melanocytic lineage and enter the
dorsal lateral pathway, a second ortholog, Ednrb2, is acti-
vated (Lecoin et al., 1998). The Ednrb2 gene continues to be
expressed in migrating melanoblasts and in differentiated
melanocytes. Thus, the mammalian Ednrb appears to com-
bine the functions of avian Ednrb and Ednrb2. It is also
interesting to note that the transition from Ednrb to Ednrb2
expression in avian melanoblasts coincides with the time in
development when EDNRB is required in mice.
Fig. 8. LacZ expression in E11.5 EdnrblacZ/ embryo. (A) Section through
the trunk. Arrow indicates the staining in the wall of the atrium and future
ventricle of the heart. (B, C) Sections through the rostral and caudal neural
tubes. m, motor neurons; fp, floor plate; DRG, dorsal root ganglion. (D)
Strong staining in cranial region is observed in the cranial sensory ganglia
(V, VII, VIIII, IX–X) and the myelencephalic part of rhombencephalon.
The double arrow shows the staining in the wall of diencephalon and the
arrow shows the staining in the wall of telencephalic vesicle.
Fig. 9. Schematic diagram of EDNRB-dependent migrating melanoblasts
and ENS precursors. (A) Following emergence from the neural tube,
multiple signaling pathways and transcriptional factors converge to express
Mitf in melanoblasts (yellow; reviewed in Shibahara et al., 2001). These
cells subsequently express Dct and enter the dorsolateral pathway (red cells
are Mitf and Dct; Nakayama et al., 1998). Blue cells (also Mitf and
Dct) indicate the EDNRB-dependent melanoblasts in the dorsolateral
pathway. NT, neural tube; DM, dermomyotome. (B) Like the melanoblasts,
ENS precursors encounter an EDNRB-dependent stage during their migra-
tory pathway in the developing gut. In the absence of EDN3/EDNRB
signaling, the mutant cells are unable to migrate through the cecum and
populate the hindgut. Some of the ENS precursors in mutant embryos
migrate into the mesentery and appear to populate the proximal hindgut.
This observation suggests that an inhibitory signal might exist at the
cecum. However, this model does not exclude the role of EDNRB as
proliferating and/or antidifferentiating signals. Blue cells indicate migrat-
ing precursors. Black cells indicate differentiating cells. hg, hindgut; mg,
midgut; and the gray area depicts the mesentery (mes).
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The migrating ENS precursors, like melanoblasts, do not
require EDNRB for their initial migration through the de-
veloping intestinal tract. LacZ was readily detected in NCCs
population as they migrate into the developing gut in a
spatial and temporal pattern that was consistent with previ-
ously reported patterns for migrating enteric neurons (Kapur
et al., 1992; Young et al., 1998). By E11.5, a clear differ-
ence in the position of the Ednrb-expressing cells was
observed between the EdnrblacZ/ and EdnrblacZ/EdnrblacZ
embryos in the developing gastrointestinal tract. The mutant
cells lagged behind their counterparts in the wild type em-
bryos and arrested at the junction between the ileum and
cecum. These observations are consistent with our previous
determination that the EDNRB signal was required between
E11 and E12.5 for proper ENS development (Shin et al.,
1999). This delay in the migration of the enteric neuron
precursor cells was not observed in a previous study using
a dopamine--hydroxylase-lacZ (DH-lacZ) transgene in
Ednrbs1 mice (Kapur et al., 1995). This discrepancy could
result from differences in the genetic background of the
mice used in the studies and/or in the temporal expression of
the DH-lacZ transgene.
The apparent delay in migration occurs as the cells ap-
proach the cecum, where the highest level of Edn3 expres-
sion is observed (Leibl et al., 1999). Thus, the limited
temporal requirement for Ednrb function in the gut may
reflect the time in development when cells are exposed to
high levels of ligand. As with melanoblasts, we suggest that
the EDN3/EDNRB pathway is required for the successful
passage of enteric neurons to its final destination, perhaps
by overcoming a negative chemotactic signal emanating
from the cecum. The delay could also result in precursor
cells missing a window of opportunity to enter the hindgut
as a result of changes in the neuroblasts themselves, or the
microenvironment in the cecum (Rothman et al., 1996). One
intriguing observation that may bear on this proposal is the
invasion of mutant enteric neuroblasts into the mesentery
well rostral to the cecum in Ednrb-null mutants (Fig. 6B–
D). The enteric neuroblasts, in the absence of EDNRB
signal, do not halt all migration, but appear to try to cir-
cumvent the blocked pathway (Fig. 9B).
Another possibility for the observed delay in migration
could be explained by inappropriate differentiation of the
precursor cells during development. In vitro studies have
been interpreted to suggest that EDNRB is required to
maintain a sufficient pool of dividing enteric neuronal pre-
cursors by inhibiting premature differetiation of neuroblasts
into postmitotic neurons (Hearn et al., 1998; Wu et al.,
1999). Furthermore, accelerated differentiation of neural
crest-derived Schwann cells were observed in Ednrb-null
rats (Brennan et al., 2000). Finally, reduced mitotic rates in
the migrating population could also explain the mutant
phenotype. The expression of Ednrb in cells of both neural
crest and nonneural crest origin suggests that it could be
playing a redundant role with Endothelin receptor-A (Ed-
nra), a gene that encodes a related seven-transmembrane
receptor that responds to endothelin-1 (Edn1) ligand. Mu-
tations in Edn1 and Ednra affect the branchial arch-derived
craniofacial tissues and cardiac outflow structures
(Clouthier et al., 1998; Kurihara et al., 1994), cells in which
Ednrb is not expressed. These mice die soon after birth due
to respiratory failure. When both EDN3/EDNRB and
EDN1/EDNRA pathways are disrupted, these embryos die
before E13.5 from cardiac failure (Yanagisawa et al., 1998).
Since this phenotype is not observed in any of the Edn1,
Edn3, Ednra, and Ednrb single knockouts, it was suggested
that there is a functional redundancy between Ednra and
Ednrb in the heart.
In this study, we demonstrate that Ednrb is expressed in
the developing heart as early as E10.5. These Ednrb-ex-
pressing cardiac cells do not appear to be of neural crest
origin. First, we do not see any expression in branchial arch
NCCs from which cardiac NCCs are derived. Second, the
level of EdnrblacZ expression was not affected in Splotch
(Sp) homozygous mutant mice that show a marked reduc-
tion in the abundance of cardiac neural crest cells in the
heart (data not shown; Conway et al., 1997; Epstein et al.,
2000). Recent studies have suggested a role for EDNRB in
cardiac Purkinje fiber differentiation (Kanzawa et al., 2002).
However, the role of the Ednrb-expressing population in the
developing murine heart remains unclear.
In summary, we have demonstrated that Ednrb is widely
expressed in the developing mouse, including in melano-
cytes and enteric neurons, which are directly affected in the
mutant animals. This finding is consistent with the broad
expression of Ednrb by early migrating neural crest cells
that has been reported in other systems (Nataf et al., 1996;
Parichy et al., 2000; Southard-Smith et al., 1998). The
EDNRB pathway does not affect the initial differentiation
and migration of these cells, and is not required for survival
of these cells during migration. Future studies will deter-
mine whether common EDNRB signaling mechanisms are
shared by these two lineages. Furthermore, it will be inter-
esting to determine how EDNRB-mediated pathway inter-
acts with other signaling pathways, such as receptor tyrosine
kinase c-KIT, and Ephrin-B receptor (Santiago and Erick-
son, 2002; Wehrle-Haller et al., 2001), in melanoblasts and
receptor tyrosine kinase c-RET in enteric neuroblasts (Car-
rasquillo et al., 2002; Natarajan et al., 2002; Young et al.,
2001).
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